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Purpose: Women with lower urinary tract symptoms are often diagnosed based on a predefined symptom complex or a predominant symptom. There are many limitations to this paradigm as often patients present with multiple urinary symptoms which do not perfectly fit the preestablished diagnoses. We used cluster analysis to identify novel, symptom based subtypes of women with lower urinary tract symptoms. Materials and Methods: We analyzed baseline urinary symptom questionnaire data obtained from 545 care seeking female participants enrolled in the LURN (Symptoms of Lower Urinary Tract Dysfunction Research Network) Observational Cohort Study. Symptoms were measured with the LUTS (lower urinary tract symptoms) Tool and the AUA SI (American Urological Association Symptom Index), and analyzed using a probability based consensus clustering algorithm. Results: Four clusters were identified. The 138 women in cluster F1 did not report incontinence but experienced post-void dribbling, frequency and voiding symptoms. The 80 women in cluster F2 reported urgency incontinence as well as urgency and frequency but minimal voiding symptoms or stress incontinence. Cluster F3 included 244 women who reported all types of incontinence, urgency, frequency and mild voiding symptoms. The 83 women in cluster F4 reported all lower urinary tract symptoms at uniformly high levels. All but 2 of 44 LUTS Tool and 8 AUA SI questions significantly differed between at least 2 clusters THE current paradigm for treating patients with LUTS is to assign a diagnosis based on a predefined symptom complex such as OAB or on a single predominant symptom such as nocturia or SUI. Treatments are then administered based on these diagnoses. However, there are limitations to this paradigm as patients frequently present with other urinary symptoms in addition to those being treated. These combinations of symptoms may be relevant to treatment selection. Diagnosis and treatment based solely on the predominant symptoms may be unsatisfactory since they disregard other presenting symptoms.
Mechanistic studies have revealed that functional impairment to a specific organ in the urinary tract may cause more than a single symptom. For example, a weak urethra is associated with SUI as well as urge urinary incontinence, 1,2 resulting in the common complaint of MUI. This raises the question of how current diagnostic paradigms correspond to biological changes of the continence system and how symptoms occur in women seeking treatment. Moreover, mixed symptoms other than MUI may be common, presenting a complex combination of urinary incontinence, and voiding and storage symptoms which is especially difficult to treat.
Previous investigations of novel LUTS subtypes include the EPIC and BACH studies, which aimed to define subtypes based on a relatively small number of self-reported symptom data in community dwelling cohorts. 3, 4 Another study of a large cohort of treatment seeking women focused only on patients with overactive bladder and sought to identify groups of highly correlated symptoms. 5 Little work has been done to group patients from a care seeking population.
The LURN is a multicenter study funded by the NIDDK (National Institute of Diabetes and Digestive and Kidney Diseases). 6 The LURN study includes 6 research sites and a data coordinating center. In this network a prospective observational study (ClinicalTrials.gov NCT02485808) is being performed, of which details regarding recruitment, inclusion and exclusion criteria have been previously published. 7 The observational cohort study was approved by the institutional review board at each site and all participants provided informed consent prior to enrollment. One goal of the LURN study was to improve the treatment of patients with LUTS by improving our understanding of the types of patients presenting with LUTS. As part of the LURN Observational Cohort Study we captured urinary symptoms from a large group of symptomatic women presenting for care. 7 These data were subjected to cluster analysis, an approach based on a distribution of multiple symptoms, rather than on the identification of predominant symptoms. By clustering groups of individuals with similar patterns of data, in this case LUTS, our main objective was to identify clusters that may better represent LUTS subtypes.
MATERIALS AND METHODS

Data
Data were obtained from the LURN Observational Cohort Study, 7 which included 545 women who presented with LUTS at a total of 6 American tertiary care centers as described previously. 6 Baseline data collection (ie prior to treatment by a LURN physician) included demographic information, clinical examination findings and several questionnaires. The LUTS Tool 8, 9 and the AUA SI 10 were the primary sources of LUTS data. The LUTS Tool has 44 items, including questions on severity and bother for each symptom. The AUA SI has 7 items and the quality of life question, which was added later, was also included. 11 In addition, participants completed PRO questionnaires related to bowel function (the PROMIS gastrointestinal constipation, diarrhea and bowel incontinence subsets 12 ), psychological health (the PROMIS Depression and Anxiety Short Forms, 13 the PSS 14 and the PROMIS Sleep Disturbance Short Form 15 ), urological pain (the GUPI 16 ) and pelvic floor function (the PFDI 17 ). The decision was made prior to analysis to cluster patients based only on urological symptoms from the LUTS Tool and the AUA SI.
Methods
Responses to the LUTS Tool and the AUA SI were occasionally missing at an incidence of up to 10% per question. Therefore, multiple imputation was performed. Five imputed data sets were created using sequential regression techniques, which were implemented in IVEware, version 2.0. 18, 19 To avoid clustering predominantly by the overall severity of LUTS we normalized the data by participant overall severity. The supplementary material (http:// jurology.com/) shows details. We also accounted for correlation among the items, partly due to redundancy in the questions (supplementary fig. 1 , http://jurology.com/). Clustering results can be skewed by including variables reflecting redundant information. Therefore, we weighted items so that the highest weight was attributed to the least correlated question (ie the question with the smallest average correlation with all other questions) and the lowest weight was attributed to the most correlated question as defined by equations S1 and S2 (supplementary material, http://jurology.com/).
Clustering was performed using the resampling based consensus clustering method introduced by Monti et al. 20 The supplementary material (http://jurology.com/) details this procedure. The final step resulted in generation of the consensus matrix ( fig. 1 ), in which each element of the matrix could be interpreted as the probability that each pair of participants belonged in the same cluster. The described process was performed for each of the 5 imputed data sets and probabilities were averaged across data sets, allowing for seamless integration of the multiple imputations. Clusters were then formed by using the described probabilities to group participants. The resulting clusters were examined by quality of clustering criteria to compare between cluster to within cluster differences.
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Clustering quality was optimal for the number of clusters equal to 4 (supplementary material, http:// jurology.com/). Differences across clusters in demographics, LUTS and other PROs as described were examined by 1-way ANOVA, the chi-square test and multiple linear regression (supplementary material, http://jurology.com/).
RESULTS
Four distinct clusters of individuals were identified by analyzing the responses of 545 female participants to the LUTS Tool and the AUA SI questionnaires. We called these clusters F1 to F4 to distinguish them from the M1 to M4 clusters of male patients defined in our ongoing study. 7 The consensus matrix showed high contrast between on diagonal (yellow) and off diagonal (blue) blocks, demonstrating the unambiguous results of clustering ( fig. 1 ). Demographic characteristics did not differ across the clusters except for obesity (body mass index greater than 30 kg/m 2 ) and vaginal births (see table) . Obesity presented at a significantly higher frequency in cluster F3 compared to F1 and F2 (55% vs 30% and 40%, p <0.001 and 0.02, respectively) and also in cluster F4 compared to F1 (47% vs 30%, p ¼ 0.01). The table shows overall p values.
Vaginal parity was significantly higher in clusters F3 and F4 (76%) relative to clusters F1 and F2 (63% and 68%, respectively). In contrast, urinary symptoms were quite different across the clusters. No cluster could be characterized by a single symptom but rather by a combination of symptoms with various levels of severity. Figure 2 shows this finding on radar plots. The 138 women in cluster F1 did not report incontinence but had post-void dribbling, frequency and voiding symptoms. The 80 women in cluster F2 reported urgency incontinence as well as urgency and frequency but minimal voiding symptoms or stress incontinence. Cluster F3, which was the most populated cluster in our cohort with 244 women, included those who reported all types of incontinence (including SUI), urgency, frequency and mild voiding symptoms. The 83 women in cluster F4 reported all LUTS at uniformly high levels.
Multiple urinary symptoms were present at significantly different levels across the clusters. The LUTS Tool severity questions tended to be rated significantly higher by participants in cluster F4 except for daytime frequency, which was similar to other clusters, and urgency, which was rated lower than in clusters F2 and F3. Post-micturition, pain and incontinence symptoms were rated significantly higher in cluster F3 than in cluster F2 (fig. 3) .
Nonurological PROs and other urological PROs not used for clustering were also present at significantly different severity levels across the clusters (fig. 4) . Comparison of each pair of clusters demonstrated at least 4 and up to 12 significantly different scores. Figure 4 shows this as the upper triangle of the matrix. Cluster F4 tended to have higher (more severe) scores on all PROs. These scores significantly differed from at least 1 other cluster on all measures except the PSS. Clusters F1 to F3 mostly differed on the GUPI, the PFDI-20 and associated subscales. However, cluster F3 also included more subjects with severe diarrhea than cluster F1 and more with severe sleep disturbance than cluster F2.
The multiple, significantly different symptoms across the clusters illustrates that our clusters met the concise definition of clustering provided by Liao, which is "The goal of clustering is to identify structure in an unlabeled data set by objectively organizing data into homogeneous groups where the withingroup-object dissimilarity is minimized and the between-group-object dissimilarity is maximized." 27 Using conventional incontinence groups based on a subset of incontinence questions from the LUTS Tool we classified each participant as continent, stress urinary incontinent, urgency urinary incontinent, mixed urinary incontinent and other urinary incontinent. At least 1 patient in each conventional incontinence group was represented in each of the 4 clusters ( fig. 5 ). The quality of clustering criteria was higher in the new clusters than in the conventional groups (supplementary material, http:// jurology.com/). In addition, significant differences in nonurological PROs were more common between clusters than between conventional groups (supplementary material, http://jurology.com/).
DISCUSSION
We identified 4 clusters of treatment seeking female patients with LUTS. Pairwise comparison of clusters revealed clear distinctions in the LUTS distribution among the 4 clusters as well as multiple significant differences of nonurological symptoms. Participants in cluster F1 would previously have been labeled as having OAB dry because there was minimal incontinence, although that classification would ignore the voiding and post-micturition symptoms. In addition, urgency is the defining diagnostic criterion for OAB, which is not central to this cluster. Participants in cluster F2 closely resembled the classical definition of patients with wet OAB. Unlike the women in cluster F1, those in cluster F2 had urgency incontinence as well as urgency and frequency, suggesting that OAB wet and dry are different clinical entities. This finding was demonstrated previously in population based urodynamic studies in which women with urgency incontinence were found to have maximum urethral closure pressure more similar to that in women with stress incontinence than in those with OAB dry. 1, 2 Participants in cluster F3 had several kinds of incontinence along with urgency and frequency. This suggests that these women might have poor urethral function, given that storage symptoms were only modest and voiding symptoms were nonexistent. Therefore, we would hypothesize that these women had poor outlet resistance consistent with SUI.
All participants in cluster F4 had all LUTS, including voiding, storage and incontinence. These conditions were reported at a severe degree, suggesting that these women might have poor bladder function as well as poor outlet function. Importantly participants in this cluster had a more complex combination of symptoms than MUI since they had equally severe levels of voiding and storage symptoms. (4), trickle/dribble (5), urgency (6), hesitancy (7), intermittency (8) , strain (9), weak stream (10), splitting/ spraying (11), urgency with fear (12), pain (13) , burning (14) , leakage (15) , leakage post voiding (16a), leakage with urgency (16b), leakage with laughing (16c), leakage with exercise (16d), leakage with sex (16f) and leakage for no reason (16g). AUA questions are about nocturia (1), incomplete emptying (2), frequency (3), intermittency (4), urgency (5), weak stream (6) and strain (7). Circles represent highest severity level, which is typically answer 5 to each question.
In previous studies groups have used cluster analysis to characterize women with LUTS. 3, 4 Coyne et al identified 6 clusters in an analysis of 8,505 community dwelling women in the EPIC study based on 14 lower urinary tract symptoms, including 7 AUA questions. 3 Because that study was population based, 57% of females reported only minimal urinary symptoms. One small cluster including 5% of participants was characterized by multiple symptoms, including urinary incontinence in 95%, urinary urgency in 85%, terminal dribbling in 43%, incomplete emptying in 31% and a weak stream in 18%. This was similar to our cluster F4, which also included patients with multiple symptoms at higher severity levels. The other identified clusters were characterized by a single symptom with a low level of other symptoms while our clusters were defined by combinations of several symptoms. This difference as well as the absence of a cluster of minimal symptoms in our study was likely due to differences in the study populations between the LURN 7 and EPIC 3 studies. Patients in specialized urology and urogynecology clinics, representing the LURN cohort, are likely to have a higher level of severity but also more complicated combinations of symptoms than individuals with LUTS in the general population. In addition, including the LUTS Tool in the LURN study provided higher granularity and allowed for the inclusion of symptoms which might have been missed in a shorter questionnaire.
Cluster analyses of 3,167 females in the BACH Survey used 14 questions 4 similar to those described in the EPIC study. 3 Of the participants 24.1% were asymptomatic and the remainder were assigned to 4 clusters. The BACH clusters were largely characterized by 2 or 3 symptoms with 1 multiple symptom cluster.
Although the studies by Coyne 3 and Hall 4 et al clustered women from the general population and used similar questionnaires, the resultant clusters in the 2 studies differed substantially. Rosen et al have provided a detailed comparison. 28 According to Coyne et al 4 of the 5 symptomatic clusters were defined by single predominant symptoms. 3 In contrast, Hall et al defined all 4 symptomatic clusters by combinations of symptoms and the latter result was similar to our findings. 4 Both EPIC and BACH population studies, 3, 4 and our tertiary care sample in the LURN study identified a cluster in which women experienced multiple LUTS at a high severity level. This cluster included 15.2% of our cohort as well as 5.5% and 8.3% of symptomatic women in the EPIC and BACH studies. This is reasonable, given the fact that the LURN study recruited participants from tertiary care clinics. This cluster had a higher obesity index in the BACH and the LURN.
The strength of our subtyping methodology of patients with LUTS is that we ignored the preconceived clinical notions and dogma surrounding LUTS in favor of using purely patient reported symptoms to derive objective clusters. Another strength is the large sample size of the treatment seeking cohort with physical examination, a thorough medical history and demographics in all patients, as well as a voiding diary and assessment of multiple nonurological factors in patient reported surveys. These data are available to further refine and test the LUTS subtypes.
Our approach carries some limitations. Clustering without clinical reasoning could result in associated but unrelated symptoms. We do not believe this to be the case, given that these clusters revealed several groups of patients that were clearly distinguished from each other and are common in clinical practice. The fact that the conventional incontinence groups used for comparison with new clusters were based on the LUTS Tool incontinence questions may be conceived as a study limitation as well. However, we preferred this definition of the conventional groups to the one based on primary clinical impressions, which resulted in nonmutually exclusive, overlapping groups.
Our analysis only included female subjects and not all patients were treatment na€ ıve. However, all patients were na€ ıve to treatment by the LURN physician. In addition, clustering of male patients is currently under way and the resulting subtypes will be compared with those found in the female cohort. Finally, we consider this work preliminary. To our knowledge the clinical significance of these subtypes is currently unknown and requires further validation. Nevertheless, we hope that this clustering approach will lay the foundation for a better understanding of LUTS as well as objective phenotyping and personalized treatment of patients in the future.
CONCLUSIONS
The 4 distinct subtypes of women seeking care for LUTS which we identified in this study differ from those in community based studies and conventional diagnostic groups. Work is currently under way to determine whether treatment and associated symptom changes with time varied by treatment group, potentially informing future cluster specific treatments. We will continue to refine these subtypes by adding multidimensional data from other LURN studies as well as longitudinal symptom data at 3 and 12 months. Future validation in the independent cohort will determine the generalizability of these clusters. 
